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EVAIUATION OF A DUCTED-FAN POWER PLANT DESIGNED
FOR HIGH OUTPUT AND GOOD CRUISE FUEL ECONOMY

By M. Behun, F. E. Rom, and R. V. Hensley

SUMMARY

A ducted-fan power plent wes designed for both high-output,
high-altitude operation at low supsrsonic Mach numbers and
good fuel economy at lower flight speeds. Celculated performence
of the power plant at take-off and at conditions representative
of high-output and cruise operation at altitudes from 5000 to
50,000 feet are presented.

The performence of the ducted fan 1s compared with the per-
formence (with and without tall-pipe burner) of two hypotheticel
turbo jet engines, one representing current deslgn practice and the
other representing a more advanced design (rated compressor pressure
ratio, 12:1). The comperison is made at take-off and at an alti-
tude of 35,000 feet under high-output, climbing, and cruising
modes of operation. The comperison lndicates thet et a flight Mach
number of 1.1 the ducted fan has a propulsive thrust per unit of
frontal area between the thrusts obtained by the turbojet engines
wlthout tail-pipe burners and the turbojet engines with tall-pipe
burning. At cruise conditlons the ducted-fan power plent obtains
the lowest propulasive thrust specific fuel consumption.

For equal maximmm propulsive thrust at low supersonic Mach
numbers at high altitudes, the ducted fan obitalne 2 cruising flight
duratlon and range appreclably greater than the turbolet engines
equipped with teil-pipe burners. The maxrimum crulsing speed of the
ducted fan with duct burner inoperative, however, ls appreciably
lower than the crulsing speeds obtalned by the turbojet engline if
ths configurations are deslgned for the same high-speed performance.

INTRODUCTION

The present trend in the performence required of military air-
craft indicates & need for a power plent having high output at high
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altitudes and low supersonic Mach numbers and also good fuel economy
at lower flight speeds. In order to fulfill these requirements, the
power plant must have the high-speed, high-output performance typical
of a turbojet engine with tail-pipe burning and the cruising economy
typlcal of a turbine-propeller engine. The ducted-fan power plant
with ite high air-handling capacity, ability to burn fuel in the duct
for maximum power output, and abllity to obtain better cruise ecconomy
than a turbojet engine may fulfill the requiremente for such a power
plant. The ducted fan has been the subject of several investigations
(references 1 to 5). In general, these investigations have considered
the design-point performance of optimized engines or have treated the
off-design performence of power plants utilizing a turbojet engine
having sea-level rated compressor pressure ratios of the order of 4
"to 5. Inasmuch as the current turbine-propeller engine has a com-
presgor preesure ratlo higher than the existing turbojet engine and
therefore nearer the optimum for the ducted fan (reference 5), a
turbine-propeller englne was selected as the baslc element of the
ducted -fan power plant for this investigation.

Theoretlical enalyses were made of the ducted-fan cycle for both
meximum power output and crulsing operation. With these anslyses as
a basls for a compromise of the thrust, the frontal aree, and the
specific fuel consumption, a ducted-fan power-plant design was
selected. The high-cutput performance of thils engine was determined
for take-off and for flight Mech numbers of 0.5 and l.1l at altitudes
from 5000 to 50,000 feet. The crulsing performence was calculated
both for a fllight Mach number of 0.5 at eltitudes from 5000 Yo
50,000 feet and for flight Mach numbers of 0.3 to 0.7 at an altitude
of 35,000 feset.

The performance of the ducted fan is compared with the per-
formance (with and without a tail-pipe burner) of two hypothetical
turbojet engines, one representing current design practice and the
other representing a more advanced design (rated compressor pressure
ratio, 12:1). The comparison is made at teke-off and at an alti-
tude of 35,000 feet under high-output, climbing, and crulsing mocdes
of operation. Cruising-flight dureation and range of the engines
woere determined assuming drag characteristics for two types of air-
- craft. The comparison of the flight duration and range of the
ducted fan (with duct burner inoperative) and the turbojet engines
(with tail-pipe burners inoperative) was made assuming the engine
in each configuration to be deslgned to glve the same high-speed
performance.

»
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DESCRIPTION OF POWER PLANT

The ducted-fan power plant, In any of its possible configu-
rations, is a propulsive system conslsting of a primary engine
driving a fan that forces a large mass flow of alr through a duct.
The duct may contalin burners for conslderable augmentation of the
thrust of the primery engine. In +the ducted-fan power plant
deglgned for thie investigation, part of the alr handled by the fan
enters the primery engine (modified turbine-propeller engine) and
the remainder flows through the duct (equipped with burners) sur-
rounding the engine. Thls particular configuration was chosen for
1ts simplicity and abllity to obtain a greater pressure at the
primary-englne Inlet and thereby give the primary engline an effec-
tive pressure ratio nearer the optimum for both maximum power and
minimum gpecific fuel consumption. The arrangement of the component
perts of the ducted-fan power plant investigated ls 1liustrated in
figure 1. ’ :

ANATYSIS OF DUCTED-FAN CYCLE

In general, the propulsive efficiency (for & given flight
speed) increases with a decrease in Jet velocity. Conseguently,
for a glven power input to the Jet, 2 high propulsive efficlency
results from & large mess flow in the Jet wilth an accompanying
low pressure ratio and therefore a low Jet velocity- The thrust
produced by the ducted fan considered herein ls the sum of the
thrust produced by the Jot lssulng from the primery engine exhaust
nozzle (primary cycle) and the thrust of the jet issuing from the
duct exhaust nozzle (secondary cycle). For a high over-all pro-
pulsive efficlency, a low turbine-outlet pressure and e low fen pres-
gure ratio are therefore iIndicated. For & glven flight speed, engine
speed,and propulslve efficlency, the thrust of the secondary cycle
varies directly with the mess flow and therefore with the power input
1o the secondary cycle. For the ducted-fan configuration investi-
gated, an increase In fan pressure railo lncreases the over-all pri-
mary engine pressure ratio, and for pressure ratios below that
¥ielding optimum power, results in higher primary cycle efficlency
and greater power available to drive the Pfan. Consequently, for max-
imum thrust (with a glven gas temperature) a high fan pressure ratlo
is Indicated. Therefore, the selection of a fan pressure ratlio for
best over-ell efficlency and performence of the ducted-fan powsr plant
investigated necessitates & compromise between the low values of fan
pressure ratio requlired for best propulsive efflciency and the high
values necessary for maximum thrust.
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In order to obtein a basls for a satlsfactory compromise of the
fan pressure ratio requirements, the effect of fan pressure ratlio on

thrust, power-plant frontal area, and specific fuel consumption of 'E
design-point power plants was determined for hoth meximum power and ~
crulse operation assuming a primary engine corrected air flow of
11.5 pounds per second per square foot of frontal area. It was also
assumed that for the conditions investigated the primery exhaust-
nozzle area was adjusted to give a turbine-outlet total pressure
equal to the fan-inlet total pressure. Inasmuch es the combustion
tomperature in the duct (for a given flight condition) affects the
power obtaineble from the ducted fan and turbine-inlet btemperature
affects the crulsing specific fuel consumption, the high-output
performance was determined for two values of duct gas temperature
and the cruise performance for two values of turbine-inlet temper-
ature. Calculations were made for the followilng conditione:

Maximum Crulse

power operation

operation -
Flight Mech number « « ¢« ¢« o ¢« o« o o o o« s @ 1.1 0.5
Altltude, £t ¢ o + ¢« ¢ ¢ o o o o & o« » » « 30,000 30,000
Fan pressure ratlo « « ¢« ¢« ¢ ¢« ¢ « ¢« » d.2 - 3.5 1.2 - 3.5 .
Compressor pressure ratlc . . « ¢« « - « + & 5,7 5,7
Turbine-inlet temperature, °® . . . « « - . 2160 2160, 1730
Duct-inlet velocity, ft/sec + « + « « « . « 200 200
Duct gas temperature, R « « ¢« ¢« ¢« ¢« ¢ « « + 3000 Cold duct

2000

Cther conditions and assumptians uged In the calculatlions were
as follows

Ram pressure recovery:

Supersonic totel-presgsure ratic « ¢« « ¢ o o o ¢ o o s o o o 0.95
Subsonic dynamic pressure recovery, percent . « « « « + » . S0
Fan adiabatic efficiency, percent « « » » « « « ¢« « o ¢ ¢ + . 85
Compressor adlabatic efflciency, percent . + « « ¢ « &+ & « &« 82
Primary combustion-chamber pressure loss, percent . « . « « . 6
Primary englne combustion efficlency, percent  « « . 97
Turbine adiabatic efficiency, percent . « « « ¢« ¢« + & PR B4
Ratio of total-pressure loss across flame holder in
cold duct to inlet dynmamic pressure (incompressible) .« .« . 2
« . . 90

Duct combustion efficlency, percent « « « ¢ o o = o o &
Exhaust-nozzle velocity coefficient (duct and engine) « . « . 0.95

The effect of fan and compressor pressure ratios on the high-
output performence of the ducted-fan power plant is presented in
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figure 2. For a given compressor pressure ratio, figure 2(a) indi-
cates that the ratio of duct air flow to primary engine air flow
decreases with an increase in fan pressure ratic. For a given com-
pressor pressure ratio and duct gas temperature, the maximum net
thrust per unit of power-plant sir flow is obtained for fan pressure
ratios between 1.6 and 2.7. Figure 2(a) indicetes that for fan
pressure ratios up to spproximetely 3.0, the net-thrust specific
fuel consumption decresses with an incresse in fan pressure ratio.
For a glven fan pressure ratio the net thrust per wmit of power-
plant ailr flow decresses with an increase in compressor pressure
ratio; however, the decrease is relatively smell in ‘the lower range
of fan pressure ratios. The compressor pressure ratio had no appre-
ciable effect on the specific fuel consumption. The effect of fan
and compressor pressure retlos on power-plant size and net thrust
per unit of power-plant frontal area is presented in figure 2(b).
For a given compressor pressure ratlo the frontal ares decreases

_and the net thrust per wnit of frontal area increases with an

increase in fan pressure ratlo. Although the net thrust per unit
of frontel area increases with an Increase in fan pressure ratio,
the power-plsnt frontal area dsecreases at a greater rate, which
results in a decrease in net thrust. Inasmuch as the primery
engine corrected air fiow was essumed constant for the study of
design-point performsnce, the net thrust per unlt of primary engline
corrected air Plow also decreasses with an increase in fan pressure
retio (fig. 2(b)). For a given fan pressure ratio the frontal area,
the net thrust per unit of frontal ares, and the net thrust per wnit
of primary engine corrected air flow decrease slightly wlth an
increase in compressor pressure ratlo.

The effect of fan and compressor pressure ratlos on the cruise
performence of the ducted-fan power plent is shown in figure 3. The
ratio of duct alr flow to primary engine air flow 1s shown to decrease
with an increase in fan pressure ratio (fig. 3(a)). Comparison of
the air-flow ratios (turbine-inlet temperature, 2160° R) in fig-
ures 2(a) end 3{a) indlcates that for = given fan pressure ratic the
gir-flow ratio 1s approximately 50 percent greater for the crulse
condition then for the high-output condition. Figure 3(a) also
shows that for a turbine-inlet temperature of 2160° R, the net thrust
per unit of power-plant alr flow lncreasses with fan pressure ratio
over the ranges of pressure ratios investligated. For the lower
turbine-inlet temperature, 1730° R, meximum values of net thrust per
mit of power-plant air flow are ocbtained at fan pressure ratios of
about 2.5 to 3.0, depending on the compressor pressure ratio. The
minimum specific fuel consumption for the compressor pressure ratlos
investigated occurs at fan pressure ratios of approximately 1.5 to
2.0. In this range of fan pressure ratios, speclfic fuel consumption
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decreases with an increase in compressor pressure ratio and turbine-
Inlet temperature. Increasing the fan pressure ratlo decreases the
ratio of power-plant frontal area to primery engine frontal area,
Increases the net thrust per unlt of frontal area, end 1n the lower
rangs of fan pressure ratios increases the net thrust per unit of
primary engine corrected air flow (fig. 3(b)). Figure 3(b) also
indicates that increasing the compressor pressure ratio tends to
decrease these factors.

OFF-DESIGN PERFORMANCE STUDIES

Selection of engine characteristics. - The design-point studies
(figs. 2 and 3) indicate that the high-output performence was rels-
tively insemsitive to compressor pressure ratios in the range of
fan pressure ratios below approximately 2.0 and that minimum cruising
specific fuel consumption was obtained with the highest compressor
pressure ratio investlgated. Consequently, a constant primery engine
compresgsor pressure ratlo of 7.0 was used for the off-design studies.
The primary engine was assumed to have a frontal area of 2.4 square
feet and the corrected mass flow ~ dorrected engine speed character-
igtics shown in figure 4. The primary englne component efficilencles
were assumed to be those used in the design-point studies and are
pessimlistic compared to those obtained in current gas-turblne engines.

It was further assumed that the limiting turbine~inlet temperature was -

2160° R for susteined operation and 2260° R for short duration oper-
ation (take-off). In order to simplify the control problem of the
ducted-fan power plant, the primary engine was assumed to have a
constant-area exhaust nozzle. To deliver as much power as poseible
to the fan without increasing the engine frontal area, the actusl
exhaust-nozzle area was assumed eguel to the primery engine frontal
area. )

As a result of the design point studies, a fan pressure ratlo
of approximetely 1.6 was consldered to be a sultable compromlse of
the conflicting fan-pressure requirements of the primery and sec-
ondery cycles. The fan characteristics used in the anslysis (fig. 5)
are those of a fan heaving a pressure ratioc of the order of 1.6.
These characteristics were scaled from experimentally determined
characteristics of & smll compressor and are representatlve of the
characterlastics that would be obtained from a three- or four-stage
axial-flow compressor opera.ting over this ra.nge of pressure ratios.

Preliminary calculations indica.ted. 'bha*b in order to have favor-

eble fan pressure ratios over the entire flight range at constant
engine speed. and constant turbine-inlet temperature, it wes necessary

-—
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to operate at a lowered fan pressure retio at take-off conditions.

A fan pressure ratio of 1.5 at take-off was therefore selected. In
order to obtain the reguired variation in fan-pressure ratio, a
variable-area exhaust nozzle was required om the duct. Calculations
indicated thet for a given duct cross-sectional sres, the duct-inlet
velocitlies would vary considerably under soms flight conditions. In
order that the duct-inlet velocity should not exceed approximately
230 feet per second under any operating conditions, a duect cross-
sectlonal area 3.19 times the primary-eniine frontal area was
required. Consequently, the total powsr-plant fron'l;a.l area was
approximately 10 sguare feet.

Engline performence. - The performance of the ducted-~fan power
plant operating at rated speed is shown in figure 6. At sea-level
take-~off, the thrust is 780 pounds per unlt of frontal srea and the
gpecific fuel consumptlon is 3.0 pounds of fuel per hour per pound
of thrust. In general, the net thrust per unit of frontel area
decreases with an increase in altitude and the specific fuel con-
sumption is Independent of altitude above 10,000 and 15,000 feet for
Tlight Mach numbers of 0.5 and 1.1, respectively. The relatively
poor performance at the lower altitudes is cesused by wmfavorable fan
operating conditions dlecussed subsequently. For a flight Mach num-
ber of 1.1, the net thrust per unit of frontel area decreases from
860 to 194 pounds per square foot as the altitude is increased from
5000 +to 50,000 feet. At this flight Mach number the specific fuel
consumption decreases from 3.6 pounds of fuel per hour per pound of
thrust at 5000 feet to 2.6 pounds of fusel per hour per pound of
thrust at 15,000 feet and remains at this value for altitudes up to
50,000 feet. Tor altltudes below 10,000 feet and a flight Mach num-
ber of 0.5 the net thrust per unilt of frontal ares Ilncreeses slightly
with an Increase in altitude. At the same flight Mach number above
an altitude of 10,000 feet the net thrust per wnit of frontel arsa
decreases with an Increase in altitude. For burning in the duct at
a flight Mach number of 0.5 (representative climbing condition) the
net thrust per unit of frontal ares decreases from approximately
580 pounds per sguare foot at 10,000 feet to 120 pounds per sguare
foot at 50,000 feet. For this flight Mach number and range of alti-
tudes, the specific fuel comsumption is approximstely 2.8 pounds of
fuel per hour per pound of thrust. For the duct burner inoperative
at a flight Mach number of 0.5 {representative crulsing condition)
the net thrust per unit of frontel area decreases from & maximum of
147 pounds per square foot at 10,000 feet to 30 pounds per square
foot &t 50,000 feet. For this flight Mach number at altitudes above
10,000 feet the specific fuel consumptlon is approximately 1.0 pound
of fuel per hour per pound of thrvst. ... = . ...

—
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The poor performence et the lower altitudes is caused by the
low fan pressure ratio and efficiency necegsltated by the limiting
turbine~inlet temperature of 2160° R. The varistion of turbine-
inlet temperature, fan pressure ratlo, and fan efficiency with
flight conditlons 1s shown in figure 7. Although the turbine-inlet
temperature at the higher altitudes did not limit the operation of
the power plant to a fen pressure ratic of 1.7, calculations indi-
cated that, due to the charascteristics of the fan, any improvement
in performance that might be expected from use of higher preassure
ratlos was more than offset by the effect of the reduced mass flow
accompanying the Increase in pressure ratio. The variation of the
duct exhaust-nozzle area, expressed as the ratic of this area to
that of the primary engine exhaust nozzle, necessery to obtain the
required fan pressure ratios and the resulting duct-inlet veloci-
tiez ars preeented in figure 8.

More favorable fan operating conditions at low altitudes (at
a given primary engine speed) could be obtained if provision were
made for varying the ratio of fan mess flow to primery engine mess
flow. Three possible methods of accomplishing thie mass-flow var-
latlon are the use of s variable gearing ratic between the fan and
the primery engine, a separate turbilne to drive the fan, or
variable-incidence inlet-guids vanes on the fan. As an exsmple of
the possible appreciation in performence, decreasing the ratio of
the fan ‘o compressor speeds by 8.5 percent at a low altitude and
& low Mach pumber increases the thrust obtained with the duct bur-
ner linoperative by approximetely 45 percent and the gpecific fuel
consumption decreeses by approximately 25 percent.

The performance at cruise conditions (duct burner inocperative)
at a glven altitude ls very sensitive to changes In flight Mach num-’
ber. The effect of flight Mach number on the cruise performance at
rated engine speed and an altitude of 35,000 feet is presented in
Tigure S. Inasmuch as the perfaormance of the primary engine in the
range of crulsing speeds investigated is essentially that of a
constent-power englne, the thrust increases from 48 to 78 pounds per
wmit of frontal area and the specific fuel consumption decrsases
from 1.25 to 0.68 pound of fuel per hour per pound of thrust with

a decrease in flight Mach number from 0.7 to 0.3.

Comparison of Performance

Net thrust. - The performance of the ducted fan is compared with
the performence (with and without a teil-pipe burner) of two hypo-
thetical turbojet engines, cne representing current design practice and
the other representing a more advanced design (rated compressor pres-
sure ratio, 12:1). For the comparison, the current and future turbo-
Jet enginés were assumed to have corrected mass flow-corrected engine

1318
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speed characteristice similar to existing engines, rated corrected
mass flows of 13 and 16 pounds per sscond per square foot of frontal
erea, and rated compressor pressure ratios of 5 and 12, respectively.
In order to provide an equltable comparison, the same component
efficiencies (polytropic for compressor end turbine) and limiting
turbine-inlet temperature were assumed for all englnes considered.
Rated engine speed and a tall-pipe-burner ocutlet temperature of
3800° R were assumed for the high-output condition of the turbojet
engines equipped with & tail-pipe burner. For cruise conditions,
the turbojelt englines were assumed to operate at 95 percent of rated
engine speed with a turblne-inlet temperature of 1730° R. ' The per-
formance of the turbojet englnes was computed by the methods of
reference 6. Performence compariscns are presented in terms of net
thrust per unit of frontal area and net-thrust specific fuel con-
sumption in table I. ’

The comparison of the performance of the power plants at a
flight Mach number of l.l indicates that the ducted fan has a net
thrust per unit of frontal area between that obitained by the turbo-
Jet engines without tall-plpe burners and the turbojet engines with
tail-pipe burning. At this flight conditlion the ducted fan has the
highest net-thrust specific fuel consumption. Comparison of the
cruise performance Indicates that the ducted fan hes a net thrust
per. unlt of fronital area of about 30 to 40 percent of that obtained
by the turbojet englnes. At these condliticns the net-thrust specific
fuel consumption of the ducted fan 1s appreclably below that obtained
by the turbojet engines.

An appreciasble Improvement in component performance over that
assumed In the preceding calculations would improve the performance
of all the engines congidered. The improvement in performance of
the ducted fan, due to the inherent characteristics of this type of -
power plant, would be greater than thet resllzed by the turboJet
englines.

Propulgive thrust. - For conflgurations in which the engine is
completely buried in the fuselage or wing roots, net thrust may be
used as & basls for an egqulitable comparlison of engine performence.

If the power plant tends to increase the frontal area of the air

frame or 1f the engines must be mounted in nacelles, propulsive

thrust (net thrust minue nacelle drag) is to be preferred as a basis
for a comparison of engine performance at high flight speeds. Nacelle
drag for subsonic flight was determined assuming an over-all drag
coefficient of 0.04. For supersonic conditions the nacelle drag was
considered as the sum of the wave drag (5° flow deflection) and the
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skin-friction drag (skin-friction cocefficient, 0.0025). The results
of the drag calculations indicate that at low supersonic Mech numbers
the total nacelle drag of the ducted fen of this investigation is
greater than that of the turbojet engines; however, its drag per
unit of frontal area (because of the greater mass flow per unit of
frontal aree) is less than that of the turbojet engines. The per-
formance of the ducted-fan power plant and the turbojet engines in
terms of propulsive thruset per unit of frontal area and specific fuel
consumption based on propulsive thrust are presented in table IT.

The comperison of the performance of the ducted-fan power plant
and the turbojet engines with tail-pipe burning at a fllght Mach num-
ber of 1.1 at an altitude of 35,000 feet (table II) indicates that
the current turbojet englne with tall-plpe burning gives a propulsive
thrust per unit of frontal area spproximetely 36 percent greater and
a gpeclific fuel consumption slightly lower than the ducted-fan power
plant. The future turbojet engine with tail-pipe burning glves a
propulsive thrust per unit of frontal area approximately 86 percent
greater and a specific fuel consumption epproximately 10 percent
lower than the ducted-fan. Therefore, if the turbojet engines with
tall-pipe burning and the ducted fan are to provide the same pro-
pulsive thrust at this flight condition, the ducted-fan power plant
would have to be approximately 1.36 and 1.86 times the size of the
current and future turboJjet engines, respectively. Consequently,
the take-off thrust of the ducted fan will be only slightly lower
than the thrusts of the current and future turbojet engines with
tail-pipe burning, because the difference in power-plant sizes almost
compensetes for the lower wvalue of the take-off thrust per uvnit of
frontal area of the ducted fen (table ITI). In eddition, if all the
engines are designed to glve the same thrust st a Mach number of 1.1
at an altitude of 35,000 feet, the propulsive thrust of the ducted
fen under cruising conditions is about one-half that of either ths
current or future turbojet engine, although the cruileing thrusts per
unit of frontal area (table II) show a considerably greater difference.

In order to determine the relative weights of the engines giving
the same propulsive thrust at a flight Mach number of l.l and an
altitude of 35,000 feet, the weight of the ducted fan was estimated.
For this estimate the priwery engine weight was assumed equal %o
65 percent of the dry weight of a typical turbine-propeller engine,
and the weight of the fan, the gear reduction unit, and the other
components was scaled from eimilar elements of other engines.
Results of the welght estimation are In fair sgreement with refer-
ences 3 to 5 and indicate that the welght per unit of frontal area
of the ducted fan investigated ie spproximately 35 and 48 percent
lower then that of the current and futurs turbojet engines egquipped

- N
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with tall-plpe burners, respectively. Consegquently, the welghts

of the engines giving the same propulsive thrust at the flight
condition considered are approximately equal because the difference
in the weight per unit of frontal area of the engines very nearly
compensates for the difference I1n power-plant slzes.

Duration and range. - For the ¢omparison of the cruising-flight
duration and range of the ducted-fan power plant and turbojet engines
with tail-pipe burners, it was assumed that the power plants were
installed In ldentical alrplanes and gave the same propulsive thrust
at & flight Mach number of 1.1 and an altitude of 35,000 feet. It
was also assumed that each comfiguration carried an egual weight of
fuel at the start of cruise operation at this altitude. " The cruising
speed of each configuration is therefore determined by the propulsive
thrust and drag characteristics of the engine and airplane, respec-
tively. The alrplane drag characteristics assumed Tor the comparison
are based on drag characterlstics presented in references 4, 7, and 8,
and are considered to be representative of aircraft designed for the
type of service considered. The propulsive thrust of the enginesg
and the drag of two types of airplane at an altitude of 35,000 feet
are expressed in figure 10 as a ratio of the propulsive thrust (or
drag) at different flight Mach numbers to the propulslive thrust (or
drag) at a flight Mach number of 1l.1l. The results presented in
Tigure 10 Indicate that the ducted-fan configurations have the lowest
cruising speed (flight Mech numbers of 0.38 and 0.80) and the air-
planes propelled by ths current turbojet englne have the highest
cruising speed (flight Mach numbers of 0.83 and 0.92). The rela-
tively low cruising speed of the duoted-fan conflgurations is dus
to the low propulsive thrust per unit of frontel area obtained by
the ducted fan wlth duct burner inoperative. Figure 10 also indi-
cates that the operable range of flight speeds of the turbojet engines
with tail-pipe burners inoperative 1is much greater than that of the
ducted fan operating with no burning in the duct. In order to operate
the ducted fan over this greater renge of cruising flight speeds, it
is necessary to burn fuel in the duct; however, the attendant greater
fuel consumption will result ln a conslderable reduction in flight
duretion and range.

The calculated performance of the alrplane-A configurations
indicates that the ducted fan (cruising flight Mach number, 0.38)
has a specific fuel consumption of 0.78 pound of fuel per hour per
pound of thrust compared with 1.21 and 1.45 pounds of fuel per hour
per pound of thrust obtained .by the future turbojet (crulsing flight
Mech number, 0.73) and current turboJet (cruising flight Mach num-
ber, 0.83) engines, respectively. These data indicate that the
ducted.-fan power plant obtains & flight duration approximately
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260 and 140 percent greater than the current and future turbojet

engines, respectively. For the conditions considered, the ducted «
fan cbtains a range approximately 65 and 25 percent greater than
the current and future turbojet engines, respectively. In order

to determine the effect of flight Mach number on the relative cruilse
performence, the crulsing speed of the turbojet configurations was
lowered by operating the engines at reduced powsr levels. The per-
formance of the turbolet configurations was determined sssuming each
turbojet engine to have a constant specific fuel consumption in the
range of cruising speeds ilnvestigated. The effect of flight Mach
number on the relative cruise performance of the alrplane-A con-~
figurations, expressed as the ratio of Fflight duration (or range)

of the ducted fan cruising et a flight Mach number of 0.38 to the
flight duration (or rangs) of the turbojet engines crulsing at
different flight Mach numbers (relative duration or relative range),
lg presented in flgure 11l. Algo shown are the relative flight
duration and range of the airplane-B canfigurations (ducted fan
cruising £flight Mach number, 0.60). The date indicate that for the
airplane characteristlics considered the flight duration and range
obtained by the ducted fan are at least 15 percent greater than
those cobitained by the turbojet engines.

1318

CONCLUDING REMARKS

For the same maximum propulsive thrust at low supersonic Mach
numbers et high altitudes, the fromtal area of the ducted fan 1s
appreciably larger than that of the turbojet engines equipped with
tail-pipe burner but the weights of the englnes are approximately
equal. If the engines have the seme high-speed performence, the
ducted fan has a crulsing-flight duretion and range appreciably
greater than the turbojet englnes equipped with teil-pipe burner.
The greater duratlon and range, however, are obtained at flight
speeds appreciably lower than those normally obteined with turbo-
Jet engines. The cruising flight speed of the ducted-fan power
plant mey be increased by burning fuel in the duct but the attend-
ant redunction in flight duration and range is relatively great.

Lewis Flight Propulsion Iaboratory,
Netiopal Adviscory Committee for Aeromsutics,
Cleveland, Ohio,
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TABLE I

COMPARISON OF ENGINE PERFORMANCE BASHD ON NET THRUST FER UNIT OF FRORTAL AREA

Flight ocondition

Fet thrust per unlt {rontal arsa

Specific fusl consumption

(1b/sq £t) {1b/(hr) (1b thrust))
Ducted | Current turbo]jet Future turbojet |Ducted| Curremt turbojet Fature turbojet
fan fan
| Without With Without With Without With Withont With
tail-piye [tall-pipe|tail~plpe|tall-pipe tail-pipe [tall-pipe|tall-pipe|tall-pipe
burner burner burner burner burner burner burner burner
Sea-level static| 780 820 1144 9g2 1485 3.0 1.1 2.3 .92 2,3
(take-off)
Mach number 1.1 400 324 585 365 717 2.5 1.4 2.3 1.2 2.3
at 35,000 feet
(high powsr apd
high altitude)
Mach number 0.5 255 252 387 302 509 2.8 1.2 2.2 1.0 2.0
at 35,000 feet
(climb)
Mach number 0.5 go®| 187 176P 216 zoz® | ;8] 1.17 1.24P .96 1,020
at 35,000 feet
(cruise)
Mach number 0.3 768 188 1780 215 203P .ee2|  1.07 1.13P .90 .960
at 35,000 feet
(orulge)

&Duct twrner incperative
b'rulil-pipe burner inoperatlve
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